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Abstract 
Experimental investigations were conducted to characterise the impacts of crosswind and burner 
aspect ratio on the flame evolution characteristics and flame base drag length of gas diffusion flames 
on rectangular burners. The burners have the same surface area of approximately 100 cm2. The tests 
to capture the flame base drag length were conducted three times for each condition with the 
differences between the original and repeated tests being less than 6%. The thermocouple readings 
were corrected for the effect of radiative and convective heat exchange with the surroundings. Overall, 
84 independent test conditions were conducted on 4 different burner aspect ratios, 3 fuel supply rates 
and 7 crosswind conditions. The changing behaviour of the flame with different burner aspect ratios, 
heat release rates and crosswind speeds were carefully analysed. The appearance of “blue flames” in 
the upstream edge of the main diffusion flames just above the burner in relatively strong winds was 
analysed. Unlike the flame tilt angle and flame height which either increase (the former) or decrease 
(the later) monotonically with the increase of wind speed, the flame base drag length was found to 
increase with the wind speed firstly until a critical point and then decrease with further increase of the 
crosswind for a given heat release rate. This is thought to be due to the competing influence of thermal 
buoyancy and wind induced inertial forces. The transition point for the maximum flame base drag 
                                               
1 Corresponding author: Jennifer.wen@warwick.ac.uk 
 
 2 
 
length with regard to crosswind was found to decrease with the increasing aspect ratio of the burner 
for a given heat release rate. A new physics-based correlation considering decay phase with the 
crosswinds was proposed for the flame base drag length incorporating all important physical factors 
including inertia force, fire induced thermal buoyancy, Froude number, dimensionless heat release rate 
and fuel/air density ratio. The proposed formulations were found to correlate well with the current 
measurements of gas burner fires as well as some published data in the literature for pool fires on the 
ground which were not used in their derivation. 
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Nomenclature 
D  
the pool size (equivalent diameter or 
square length), m 
 heat release rate, kW 
*D  hydraulic diameter, m  dimensionless heat release rate 
**D  characteristic perimeter diameter, m S the area of burner, m
2 
Fr   Froude number aT  ambient air temperature, K 
iF  inertial force , N 
*v  the crosswind speed, m/s  
g gravitational acceleration, m/s2  W width of the burner, m 
H the pool elevation height from ground., m Greek symbols 
L  length of the burner, m a  air density, kg/m3 
drugL  the flame base drag length , m v  
the densities of fuel vapor at the 
boiling point , kg/m3 
n  burner aspect ratios   
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1. Introduction  
Diffusion flames in crosswinds have attracted considerable interests from fire safety researchers 
[1-3]. Most previous studies used circular or square burners while a limited few experiments were 
conducted with rectangular burners with different aspect ratios [4-8]. Hasemi and Nishihata [4] 
established that the fire source shape (aspect ratio) should be taken into account on the prediction of 
flame height and fire plume temperature. Quintiere and Grove [5] investigated the transition behaviour 
on flame height and plume temperature from axisymmetric source to line source in a quiescent 
condition. Tang et al. [8] experimentally measured mean flame heights and tilt angles on four medium 
scale rectangular burners as well as a square pool of 0.205 m × 0.205 m.  
In these fire scenarios, the unburnt fuel is close to the burner surface and dragged towards the 
downwind direction. The downstream side is preheated by the inclined flame. Both factors can 
influence flame spread but their effects may not be the same. The flame drag length is an important 
parameter which characterizes such effects and hence of important safety relevance for liquid pool 
(tank) fires [3], tunnel fires [9] and flame spread on solid fuels [10, 11]. Dimensionless correlations 
for the flame base drag length have been proposed by various investigators [12-21]. Welker and 
Sliepcevich [12, 13] correlated the flame base drag length with Froude number and fuel/air density 
ratio for relatively low winds. Moorhouse [14] and Johnson [16] studied larger liquefied natural gas 
pool fires in crosswinds and correlated the flame base drag length with just the Froude number. Their 
correlation was later adopted by Lautkaski [17] for large tank fires through the adjustment via a 
coefficient, where the range of Froude numbers is from 0.08 to 0.1. Raj [18] re-analysed Welker’s 
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laboratory scale (0.1–0.6 m) data with different hydrocarbon fuels in crosswinds and developed a 
correlation shown in Eq. (1). Hu et al. [19] studied the effect of sub-atmospheric pressure (64 kPa) on 
the flame base drag length. Tang et al. [20] established the relation between flame base drag length 
and heat flux through tests on a gas burner of 25 (L) ×5 (W) ×8.5 (H) cm. More recently, Hu et al. [21] 
investigated the influence of pool elevation height (the burner is 2-5 cm above ground plane) on flame 
base drag length and incorporated the effect of heat release rate as depicted in Eq. (2), where the range 
of Froude numbers is from 0.25 to 6.25. 
( ) 0.5 0.482.375 ( -1)drag v aL D D Fr  + =                    (1) 
0.2 0.5 *1/30.68 ( ) 2drag v aL D Fr Q H D = −                   (2) 
where Froude number
2Fr v gD= , dimensionless HRR, ( )* 5 2a p aQ Q c T gD=& &  , v is the 
crosswind speed, D is the pool size (circular diameter or square length), v and a are the densities of 
the fuel vapour at the boiling point and ambient air, respectively, dragL  is the flame base drag length 
and H is the pool elevation height from ground. For rectangular burners, the pool size D can be replaced 
by the equivalent diameter, most previous researchers used the following hydraulic diameter for 
equivalent diameter *D , 
                  ( ) ( ) ( )* 1/22 2 1D LW L W S n n= + = +                (3) 
where the dimensionless HRR can be expressed as: 
 
Although these previous studies were based on both rectangular and circular burners, the effect of 
the aspect ratio (ratio of long rim to short rim) for rectangular burners has not addressed explicitly or 
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included in the resulting correlations such as Eqs. (1) and (2). However, burner shapes do affect the 
burning characteristics of the spreading fire. For example, the burning behaviour of vehicle fires have 
been studied for decades mostly by assuming square or circular fire base but in reality they are more 
like fires on rectangular sources with different aspect ratios. Such assumption can impact on the 
estimated fire hazards and corresponding fire protection measures. In addition, the changing trend of 
the flame base drag length in relation to wind condition is not only of practical importance to pool fire 
hazards assessment, but it can also shade light on flame spread over solid fuels.    
In summary, despite considerable progresses, insight about the effects of crosswind and burner 
aspect ratio on the dynamics and flame base drag length of pool fires is still lacking. Associated with this 
is the lack of physics based formulations, which incorporate all the important factors including burner 
geometry, fuel properties and the complex fluid dynamics to assist fire safety considerations in practical 
applications. The present work aims to fill these knowledge gaps by experimentally studying propane 
fires on rectangular burners with different aspect ratios in crosswinds of varying speeds, considering 
some fine features of the flame behaviour and developing a physics-based correlation to predict the 
flame base drag length for pool fires on the ground. The new correlation will also be tested against 
some published data in the literature which were not used in their derivation. 
 
2. Experiments 
Figure 1a shows the experimental setup consisting of a wind tunnel of 66 m (L) ×1.5 m (W) ×1.3 
m (H), a mechanical fan was fixed at one end to provide the longitudinal ventilation, in which the air 
passed through a honeycomb installed close to the fan, to produce a reasonably uniform flow up to 4.5 
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m/s. At the test section, the turbulence statistical values of , ,a rms a meanu u  less than 5%. Here, ,a rmsu  
is root-mean-squared fluctuation velocity [m/s], ,a meanu  is mean of the cross-flow air speed [m/s]. The 
following Figure 1b showed that even though the measured longitudinal ventilation velocities 
measured by the four probes fluctuated with time slightly, the mean longitudinal wind speed remained 
reasonably stable. Four types of burners which consisted of a large sand-filled section over a fine mesh 
to mix and release fuel evenly, and a side view charge-coupled device (CCD) to capture flame 
evolution. The test section was located just outside the tunnel exit and included four types of gas 
burners with the same surface area (S) but different aspect ratios, i.e. the ratio of the long to short rim. 
The burner dimensions are 10 cm10 cm, 14.2 cm7.1 cm, 20 cm5 cm and 28.4 cm3.5 cm, giving 
aspect ratios “n” of 1, 2, 4 and 8.1, respectively. The burners all have the same height of 30 cm, and 
the burner is flush with the ground plane. The pools were made of 2 mm thick steel plate. The setup 
was designed to mimic pool fires from fuel spill on the ground.  
 
For the experimental conditions, eleven levels of crosswind speeds, i.e. 0.71 m/s, 0.91 m/s, 1.14 
m/s, 1.36 m/s, 1.63 m/s, 1.88 m/s, 2.09 m/s, 2.31 m/s, 2.64 m/s, 3.02 m/s and 3.43 m/s were applied. 
Propane gas was supplied at 4.5, 6.5 and 8.5 L/min, giving equivalent heat release rate (HRR) of 7.56, 
10.92 and 14.28 kW, respectively. Figure 1c shows the schematic diagram of the thermocouple layout. 
The ambient temperature was around 37±2°C during all tests. 
The flame base drag length was measured by the scale on the ground from the image frames 
recorded by the CCD camera. The measurements were averaged over 750 consecutive frames for each 
test. For each condition, 30 seconds of original video recordings were analysed and converted into the 
gray scale images (Figure 2b), and then the Otsu method (eg. [8]) was used to identify the flame region 
in each image. Finally, the average probability of visible flame appearance as shown in Figure 2c was 
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obtained and converted to colour contour in Figure 2d for easy reading.  As shown in Figure 2d, the 
flame base drag length was defined as the length between the burner edges to the location of 50% 
flame appearance probability [8], e.g. the flame base drag length is 12.72 cm in Figure 2d. A mass 
flow controller (ALICAT) was employed to regulate the fuel flow rate with an accuracy of 0.01 
standard liter per minute (SLPM), the range is from 1 to 9 standard liter per minute (SLPM). The 
response time is usually several tens of milliseconds. For the thermocouple measurement, K-type 
thermocouples (its diameter is 0.5 mm) were used. Its range is from 273 K to 1073 K degrees. Each 
test was repeated three times. The thermocouple readings were corrected for the effect of radiative and 
convective heat exchange with the surroundings [22-26]. It can be concluded that the impact of such 
correction increased with the increasing measurement temperature. When the temperature rise was 828 
K, the relative radiation errors was no more than 9%. 
Detailed experimental conditions are listed in Table 1. The different combination of the test 
conditions were covered in 84 tests. Each test was repeated three times and found to have very good 
repeatability with the differences between different tests being less than 6%.  
 
3. Results and discussion 
3.1. The flame characteristics and the evolution of the flame base drag length 
The mean flame evolution on the burner with burner aspect ratio n=2 in crosswinds of six different 
speeds is shown in Figure 3. As some gaseous fuel (propane) has been blown towards downstream, 
the actual flame base length goes beyond the burner edge. Unlike the flame tilt angle and flame height, 
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the flame tilt angle increases monotonically with increasing wind speed, and the flame height decreases 
monotonically with increasing wind speed. The flame-base drag length has non-monotonic behaviour 
and is found to increase with wind speed up to a critical point after which it decreases with wind speed. 
For example, when the wind speed increased from 1.36 to 3.43 m/s, the length of the flame base 
actually decreased. Although stronger wind blew more fuel downstream, if the wind speed exceeds a 
certain value, some unburnt fuel might end up being too far downstream and detached from the flame 
edge. The relatively lower temperatures in these downstream regions could not trigger ignition. In such 
situations, the actual HRR, overall flame length as well as the length at the flame base decreased as 
shown in Figure 3 (e) - (j).  
 
In Figure 4(a), comparison is made for the mean flame characteristics on all the four burners in 
crosswinds of 0.71, 2.09 m/s and an intermediate wind speed. The monotonic increase/decrease of the 
flame tilt angle and vertical height are also seen here. At the lower wind speed shown on the left, the 
burner with the highest aspect ratio, i.e. the width (W) along the wind direction and longest length 
facing the wind, is most strongly affected by the wind, resulting in the largest flame base drag length. 
But for the higher wind speed, on the contrary, the flames on all burners are smaller with the two 
burners shown in Figure (c3) and (c4) with the higher aspect ratios being most obvious. This supports 
our analysis that once wind speed exceeds a critical value, some unburnt fuel is blown away further 
downstream and unable to ignite. Even stronger wind might extinguish the flame in certain conditions.  
In Figure 4(b), snapshots of the instantaneous characteristics on all the four burners in crosswinds 
of 0.71, 2.09 m/s and an intermediate wind speed are plotted. Some pockets of blue flames are seen on 
all burners at the upstream edge of the main diffusion flames for relatively strong wind. As shown in 
Figures 4b (b1 to b4), they started to appear on the four burners at wind speed of 1.63, 1.36, 1.14 and 
0.91 m/s for the conditions tested; and the regions of blue flames were the largest for the highest wind 
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2.09 m/s. Generally, fuel air mixing in diffusion flames are due to air entrainment. In the cases of 
strong winds, the fuel is heavily blown towards downstream by fresh air and the main diffusion flames 
are mostly burning beyond the burner edge. The observed broad blue flames are thought to be highly 
strained diffusion flames where the residence time was insufficient for soot formation.  
 
In Figure 5, the vertical temperature rise at different heights are plotted against the horizontal 
locations of the thermocouples for the burner with n=2 and HRR=10.92 kW. Figures 6 and 7 present 
the temperature field evolution (the thermocouple layout can be seen in Figure 1c). Here the shaded 
temperature contours 2 cm above the ground were generated by the Surfer software (www. 
Goldensoftware.com) from the discrete thermocouple readings on all four burners with HRR=7.56 kW 
and v=0.71 m/s, 2.09 m/s, respectively. By comparing the temperature field for the two different cross 
winds of 0.71 m/s, 2.09 m/s. Overall, it is clear from Figs. 3, 4, 6 and 7 that with increasing wind speed 
the volumetric heat release increases significantly: the observed flame volumes and the volumetric 
residence time both decrease due to the higher wind speeds. There is clearly a transition to a more 
momentum dominated mixing process. Since these flames are moving into the lower portions of the 
boundary layer with increased velocity, this is the region where mixing rates are most intense. The 
error bar is also shown in Figure 5. 
Figure 8 presents the measured flame base drag lengths for each burner in different crosswinds 
and HRRs. Each test was repeated three times and found to have very good repeatability with the 
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differences between the original and repeated tests to be less than 6%. As discussed earlier, the wind 
facing cross-sectional area increases with increasing burner aspect ratio, rendering the flammable 
mixture to be brought to the downstream region more easily. The flame base drag length initially 
increases with the increase in the crosswind speed due to enhanced fuel air mixing, but after the later 
reaches a critical value, it starts to decrease with further increase in the crosswind speed. There exists 
a critical wind speed at which the flame base drag length peaked. The results here also indicates that 
this critical wind speed decrease with the increase of the burner aspect ratio. In addition, the critical 
wind speed for each burner is found to correspond to the wind speed for the appearance of localised 
premixed blue flame at the upwind edge above the burner, i.e. 1.63, 1.36, 1.14 and 0.91 m/s for the 
conditions tested.  
 
3.2. Comparison with previous correlations and measurements 
Figure 9 compares the present measurements with some previous correlations of dimensionless 
flame base drag lengths. The correlations of Mudan [14], Moorhouse [15], Johnson [16], Lautkaski 
[17] are found to significantly under-predict the measurements for most burner aspect ratios as their 
correlations were derived with measurements on burners elevated above the ground but the elevation 
height was not included in the correlation, especially the non-monotonic evolution of the flame-base 
drag lengths with crosswind velocity in this experimental study cannot be predicted by previous 
correlations. 
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Hu et al. [21] subsequently incorporated burner elevation in their correlation, but as shown in 
Figure 9b, their new correlation still significantly under-predicts the data even if the elevation height 
“H” in Eq. (2) was set to zero. Their tests conducted with the burner elevated between 2 to 5 cm also 
showed that the flame base drag length in the 2 cm tests were almost twice that in the 3 cm tests. 
Further increase in the burner elevation heights were found to have less influence, implying that the 
flame base drag length change rapidly for small burner elevation heights (<3 cm). In Figure 9c, the 
measurements of Welker and Sliepcevich [12] with the burner directly sitting on the ground are in very 
good agreement with the present data, when the crosswinds are between 0.4 and 2.05 m/s. It is found 
that the dimensionless flame base drag length is higher than the results of Hu et al. [19] with 3cm 
burner elevation.  For 2.5Fr  , the data of Hu et al. did not show any declining of the flame base 
drag length as the present data and that of Welker and Sliepcevich [12], where it’s Fr of all tests are 
lower than 2.5; but just slower rate of increase. The range of Froude numbers and Reynolds number for 
the previous works can be found in Table 2. 
In summary, although qualitatively the non-monotonic evolution of the flame-base drag lengths 
with the change of the crosswind speed cannot be captured by the previous correlations, which did not 
incorporate the effect of pool aspect ratio and relative strong wind on the flame-base drag length. As 
a result, relatively large discrepancies are seen between the predictions of the previous correlations 
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and the current experimental measurements.  
3.2 New correlation for flame base drag length of pool fires on the ground  
The above analysis and comparison indicated the need for a new correlation which can 
incorporate all the important factors not fully considered in previous correlations. As shown in Figure 
2, the major influencing factors of the flame base drag length include the following:  
1. The speed of the crosswind represented by the inertial force iF  [18].  
2. The heat release rate (HRR) 
3. The dimensions of the rectangular burner. 
This not only influences the wind facing surface area of the flame but also distances the flame 
needs to be blown downstream to beyond the burner edge (see Figures 1 and 2). The long rim of burner 
is windward (see Figure 1), the larger burner aspect ratio, the more the extent of downwind stretch 
easily for a given wind speed. 
4. The fuel (or fuel vapour for liquid pool fire)/air density ratio 
The larger the fuel/air density ratio, the smaller the buoyancy forces and the harder for the fire 
plume to rise.   
 
From the above analysis, the flame base drag length is dependent on both buoyancy Fb (embed in 
both HRR and the fuel/air density ratio) and inertial forces Fi. Figure 10 plots the former as a function 
of Fr. It can be that when 2.5Fr  , the flame base drag length increases with the increase of Fr and it 
decreases with further increase of Fr  when 2.5Fr  . The following correlation is proposed for pool 
fire on the ground:  
                (9) 
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where the coefficients and constants k, m, j and h are determined from best fitting to the present data. 
Fr number is 
v
Fr
gW
=
2
, the length scale is W in the calculations of the Fr number in Figs. 10-12.  
 Figure 11 plots the relationship of dimensionless flame base drag length with other factors based 
on Eq. (9) and shows relatively large discrepancies. Although Tang et al. [20] used the hydraulic 
diameter defined in their correlation and achieved good agreement with their data, their tests only used 
one burner of 25 cm (L) ×5 cm (W) ×8.5 cm (H). 
The above analysis indicated that the hydraulic diameter defined by Eq. (3) does not fully capture 
the influence of the pool shape, if L Wf f  (or n ~ ), such as a line burner, the hydraulic diameter 
*D  based on Eq. (3) will approach zero. This is unphysical. A characteristics equivalent diameter 
based on the pool perimeter was proposed by Tang et al. [8] and shown in Eq. (10). This definition 
was based on the burning rate and flame tilt characteristics of radiation-controlled rectangular 
hydrocarbon pool fires under different cross winds (the burner dimensions of n=1 are 20.5 cm20.5 
cm). The underlying assumption of this formulation is that the air entrainment from the sides has 
dominating effect on the rate of combustion and flame height. 
                 
1/2
** 2 12 ( )
L W S
D n
n 
+
= = +                   (10) 
Using the equivalent diameter defined in Eq. (10), equivalent dimensionless HRR expressed in 
Eq. (4) and applying least square fitting to the present data only, the coefficients/constants in Eq. (9) 
are determined as shown in Eq. (11), where the crosswinds is over 0.4 m/s. In Figure 12, the new 
correlation is plotted with the present data as well as the published data (the cross winds are from 0.4 
m/s to 2.05 m/s) of Welker and Sliepcevich [12], Wecker [13] for liquid pool fires of n-hexane, 
cyclohexane, benzene and acetone with much larger HRRs as 46-147 kW, 30-240 kW, 58-130 kW and 
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17-200 kW, and the 20 m diameter liquified natural gas pool fire of Mizner [27], whose test was 
conducted in cross wind of 6.5 m/s. When the original crosswinds were from 0.20 m/s to 2.05 m/s and 
the burner diameters were between 10.16 cm and 60.96 cm, the Fr of Welker’s measurement were 
between 0.25 and 1.22, and the Reynolds number of Welker and Sliepcevich from 2E+03 to 3.76E+07. 
It can be seen that these independent tests which were mostly captured by the present correlation with 
the maximum discrepancy being less than 16% except the case with very low wind speed of 0.4 m/s. 
Because the fire was mostly buoyancy controlled, the effect of the limited inertial forces induced by 
the very low crosswind only had minor influences. Meanwhile, as shown in Figure 12, it is also can 
be found that this new correlation cannot predict the conditions under different side wall height [21]. 
                (11) 
If the length scale (W) in the calculations of the Fr number in Figs. 10-12 was changed into D* 
and D**. The flame base drag length calculated based on D* and D** respectively can be found in 
Figs. 13 and 14, where the Fr was denoted as Fr* and Fr**. It shows relatively large discrepancies. 
 
4. Conclusions 
A series of experiments have been carried out to investigate the effects of crosswind and burner 
aspect ratio on flame characteristics and flame base drag length of pool fires on rectangular burners 
with different aspect ratios. As some gaseous fuel (propane in this case) has been blown towards 
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downstream, the actual flame base extended beyond the burner edge. The flame base drag length was 
found to increase firstly and then decreases with the increasing crosswind speed. There is a critical 
crosswind speed at which the flame base drag length peaked. The critical crosswind speed was found 
to decrease with the increasing burner aspect ratio and HRR.  
 Below the critical wind speed, the burner with the highest aspect ratio, i.e. the width (W) along 
the wind direction and longest length facing the wind, was most strongly affected by the wind, resulting in 
the largest flame base length. Above the critical wind speed, on the contrary, the flames on all burners were 
smaller as some unburnt fuel is blown away further downstream and unable to ignite. Pockets of broad 
blue flames have been observed above the burner and in the upstream edge of the main diffusion flames in 
relatively large wind condition. These are thought to be highly strained diffusion flames where the 
residence time was insufficient for soot formation.  
Further quantified analysis also revealed that the flame base drag length increases with the 
increase of Fr when 2.5Fr  ; and decreases with the increase of Fr after it peaks at 2.5Fr =  for all 
the burners tested. A new correlation, which incorporates all the major influencing factors including 
the burner aspect ratios, Froude number, dimensionless heat release rates, and fuel (or fuel vapour)/air 
density ratio, has been proposed. The new formula was found to correlate well the present as well as 
some published test data of different liquid fuels which were not used in their derivation for pool fires 
on the ground, indicting the potential applicability of the proposed correlation for all rectangular pool 
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fires on land. 
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Figure captions 
Figure 1. Sketch of the experimental rig. 
Figure 2. Definition of the flame base drag and illustration of the underlying physics. 
(n=2, HRR=7.56 kW, v=0.71 m/s) 
Figure 3. Flame evolution on the burner with n=2 and HRR=10.92 kW in different crosswinds.. 
Figure 4. Flame evolution on all four burners in crosswinds. 
Figure 5. Vertical temperature rise at different vertical heights [the burner with n=2 and HRR=10.92 
kW] 
Figure 6. Temperature field evolution on all four burners with v=0.71m/s and HRR=7.56 kW. 
（The x-coordinate and the y-coordinate are the spatial positions, as shown in Figure 1b） 
Figure 7. Temperature field evolution on all four burners with v=2.09 m/s and HRR=7.56 kW. 
Figure 8. The measured flame base drag lengths for all the test conditions. 
Figure 9. Comparison with previous correlations and measurements. 
Figure 10. Relationship between flame base drag length for all burners and Fr . 
Figure 11. Dimensionless flame base drag length based on the hydraulic diameter D*. 
Figure 12. Correlation of the dimensionless flame base drag length based on the equivalent diameter 
D** of Tang et al. [8]. 
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Figure 14. Dimensionless flame base drag length based on D** and new **Fr  number (length scale 
W was changed to D**, it gives
2
**
**
v
Fr
gD
= ) 
 
 19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 20 
 
 
(a) Schematic diagram of experimental rig. 
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(b) Crosswind speed vs with time 
 
(c) Schematic diagram of thermocouple layout. 
Figure 1. Sketch of the experimental rig. 
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(a) original flame image.                 (b) gray scale images 
  
(c) average flame probability distribution   (d) colour contour of flame probability. 
Figure 2. Definition of the flame base drag length and illustration of the underlying physics. 
(n=2, HRR=7.56 kW, v=0.71 m/s) 
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Figure 3. Flame evolution on the burner with n=2 and HRR=10.92 kW in different crosswinds. 
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(a) The mean flame characteristics. 
 
(b) The instantaneous flame characteristics. 
Figure 4. Flame evolution on all four burners in crosswinds. 
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Figure 5. Vertical temperature rise at different vertical heights [the burner with n=2 and 
HRR=10.92 kW] 
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（a）n=1                      (b) n=2 
 
（c）n=4                       (d) n=8 
Figure 6. Temperature field evolution on all four burners with v=0.71m/s and HRR=7.56 kW. 
（The x-coordinate and the y-coordinate are the spatial positions, as shown in Figure 1c). 
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（a）n=1                      (b) n=2 
 
（c）n=4                     (d) n=8 
Figure 7. Temperature field evolution on all four burners with v=2.09 m/s and HRR=7.56 kW. 
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Figure 8. The measured flame base drag lengths for all the test conditions. 
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Figure 9. Comparison with previous correlations and measurements. 
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Figure 10. Relationship between flame base drag length for all burners and Fr . 
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Figure 11. Dimensionless flame base drag length based on the hydraulic diameter D*.  
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Figure 12. Correlation of the dimensionless flame base drag length based on the  
equivalent diameter D** of Tang et al. [8]. 
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Figure 14. Dimensionless flame base drag length based on D** and new **Fr  number 
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Table 1. The experimental conditions 
Burner shape 
HRR（kW） 
Cross wind 
(m/s) n= L/W L (cm) W (cm) 
1 10 10 7.56-14.28 0.71-3.43 
2 14.2 7.1 7.56-14.28 0.71-3.43 
4 20 5 7.56-14.28 0.71-3.43 
8.1 28.4 3.5 7.56-14.28 0.71-3.43 
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Table 2. Comparison of the range of Froude numbers and Reynolds numbers with previous works 
 Fr number Re number 
Welker and Sliepcevich [12] 0.03 to 0.98 2E+03 to 8.24E+04 
Mudan [14] 0.02 to 3.0 2.03E+03 to 1.50E+07 
Moorhouse [15] 0.02 to 3.0 8.39E+05 to1.50E+07 
Johnson [16] 0.02 to 0.4 2.92E+05 to 2.39E+07 
Lattkaski [17] 0.08 to 0.1 8.31E+06 to 7.03E+07 
Raj [18] 0.03 to 0.98 2E+03 to3.76E+07 
Hu [21] 0.25 to 6.25 5.41E+03 to 3.38E+04 
This work 0.51 to 29.7 1.68E+03 to 7.54E+04 
 
 
 
